Corrosion is the degradation of a metal, which is caused by chemical reactions between the metal and its surroundings. It poses severe and inevitable problem s to the longterm use of particularly copper-based materials in daily life due to the requirement of periodically replacement of it and the loss of its appearance. Therefore, it is necessary to apply a protective layer on them to extend the life span. In this study, inorganic-organic hybrid coatings comprising thiol functional silanes on copper sheets were obtained by spraying onto it followed by curing at elevated temperature. All coatings studied were optically transparent, smooth and crack-free. As they showed excellent adhesion to the copper surface, they were resistant to UV radiation and solutions of acidic and basic conditions. By the coating of copper sheets with hybrid coatings studied, both their mechanical durability and corrosion resistance in the salt spray test were considerably improved.
Corrosion-resistant hybrid coatings for copper surfaces substrates by sol-gel chemistry INTRODUCTION
Copper and copper alloys are one of the most multipurpose materials. They find extensive applications in diverse areas such as building industry, electronic products, transportation, consumer products, and industrial machinery because of the unique combination of characterics such as thermal and electrical conductivity, mechanical workability, antimicrobial effect, ductility and malleability. Although copper relatively is a stable metal, it still tends to corrode easily in chlorine-rich environments under high humidity conditions.
To prevent the corrosion of copper-based materials, two types of corrosion inhibitors are added into the corresponding medium (1): inorganic inhibitors (2, 3) such as salts of chromate, molybdate and tetraborate, and organic inhibitors such as azoles (4-7), amines, amino acids (8) (9) (10) (11) (12) , imidazole and its derivatives, thiourea (13-15), 1-dodecanethiol, indole derivatives, and sodium heptanoate (16) (17) .
By applying a protective layer onto it, the corrosion resistance of copper can considerably be improved. In previous studies, it was found out that when self-assembled monolayers (SAMs) of alkanethiols (18) and triazoles (19) were deposited on copper surfaces, its corrosion resistance was improved due to the formation of an interface layer through a stable Cu-S bonding The aim of this study was to develop an optically transparent, mechanically durable inorganicorganic hybrid coating with improved corrosion resistance for copper-based materials. In this study, thiol functional silane with different chemistries were applied not only as a SAMs layer (primary layer to the top-coat of hybrid coating) but also incorporated in inorganic-organic matrix synthesized by sol-gel chemistry to determine their impact on the corrosion resistance of copper. 
MATERIALS AND METHODS

Chemicals and Equipment
Preparation of Coating Solution and Coated Surface
The hybrid coating matrix was prepared at room temperature as follows: one mole of GLYMO To prepare final top-coat, the used corrosion inhibitor (i.e. GF70 or Si69) was dropped into the hybrid coating matrix above under stirring, afterwards the remaining unreacted alkoxy groups on silane compounds were completely hydrolyzed with a solution of water and the 1:1 mixture by weight of PM and BG, in which the amount of water was two moles per mole silane. The final top-coat had a solid content of 30 percentages by weight and 2.5 percentages by weight of G70
or Si69 in the solid content.
To obtain the solutions of primary layers, each of G70 and Si69 was hydrolyzed with three moles of water per mole silane in presence of formic acid (FA, Merck Chemicals) as catalyst after diluting it with PM down to the solid content of 5% by weight.
To coat copper substrates, the solutions of were sprayed onto a sheet of copper substrate and then cured at 130 o C for 30 minutes in a convection oven. After cooling down to the room temperature, top-coats were applied by spraying onto the primered substrates followed by a heat treatment at 130 o C for 90 minutes. The thickness of the cured top-coat layers was about 5-8 µm. The prepared samples were designed as shown in Table 1 . 
Aging Test
Transparent coatings on copper substrates were tested against UV irradiation to determine any color changes. The samples were exposed to UV irradiation (1,000 W/m 2 ) for 7-days. And then, color data were measured before and after UV irradiation using an X-Rite 962-964 spectrophotometer. ΔE values are calculated by using the color data (L: level of light or dark; a:
redness or greenness; b: yellowness or blueness).
(Eq. 1)
Mechanical and Adhesion Tests
Surface hardness and adhesion of coatings were carried out by an Erichsen Scratch Hardness
Tester Model 291 / Erichsen Hardness Test Pencil, Model 318S, an Erichsen Type 295 multicross cutter, respectively. The results of the tests were evaluated accordi ng to the ASTM D
Corrosion resistance and acid-base test
The corrosion resistance of samples was determined by the salt spray test. With this test method, it is not possible to determine the mechanism and the type of occurring corrosion.
But it allows correlating the results of the test to real-life applications, which is the ultimate method of testing in industry. In the salt spray test, coatings were kept in a medium which was sprayed continuously with 5% by weight of aqueous solution of sodium chloride solution in a closed system at 100% relative humidity. Surfaces of samples were examined visually after the test.
Coatings on copper surface was tested against different pH values by using a solution of HNO3 at pH=2 and a solution of NaOH at pH=12 utilizing Erichsen Corrosion Instrument Solvent
Checker 434. In this test, solutions were kept in touch with the surface of the samples for one hour at room temperature. The surface of the tested sample was inspected visually.
RESULTS AND DISCUSSION
In Figure Elemental analysis by EDX was performed on the surface of coated samples. The ratios of Al, Si and S determined from the EDX analyses are in agreement with the theoretical composition of the coating layers. Additionally, the presence of copper detected in the EDX analyses is due to the penetration of high energy electrons down to the copper substrate. According to EDX results given in Table 1 , the detected amount of sulfur in coatings from 1C to 3A increases in respect to the incorporated amount of the thiol groups on used functional silanes (3). Table 3 . ΔE value of less than 3 indicates that the change in color cannot be perceived by the naked eye. As the uncoated copper sheet was exposed to solar irradiation, its color noticeably changes, i.e. its ΔE>>3. When copper sheets were coated with the hybrid matrix with or without GF70 (1C and 2A) the change in color was not detectable with human eye, i.e. ΔE<3, pointing out that the hybrid coating (3A) itself exerts a barrier effect on it. But the incorporation of Si69 into the hybrid matrix deteriorates this effect, i.e. ΔE>>3. Its cause was not investigated since it was out of scope of this study. In adhesion test, after scratching the coating surface with a multi-cutter knife, a standard tape is stuck and peeled off. The amount of coating that has been peeled off along with the tape is determined and the adhesion of the coating is graded according to the given standard. Both studied primary and top-coat layers showed no disintegration and had excellent adhesion and (i.e. 5B meaning 0% peel off) to the surface of copper substrate (see Table 4 ). As given in Table 4 , the bare copper sheet has a soft surface. The application of primary layers only, i.e.
2C and 3C, on copper sheet hardly changed its hardness. As it was coated with hybrid matrix only, its pencil hardness was hugely increased to the highest value of the scale of the test method, i.e. 9H. The incorporation of thiol functional silanes into the hybrid matrix lowered its pencil hardness down to the grade 8H, since the share of epoxy functional silane (GLYMO) in their coatings was decreased. When all coatings were exposed to the solutions of HNO3 at pH=2 and of NaOH at pH=12
separately, there visually was no damage on the surface of the coated samples.
Pictures of the uncoated copper substrate, coatings 1A, 1B, 2A and 3A are given in Figure 3 .
In the salt spray test, bare copper sheet already started to corrode after the first day of testing.
As the copper sheet coated with the hybrid matrix comprising Si69, i.e. 1B, partly withstood corrosion up to 7 days, the substrate with both Si69 primary layer and hybrid matrix comprising Si69, i.e. 3A, failed, where its color became black-ish. This observation indicates that tetrasulfide groups on Si69 degrade very fast under test conditions (25) producing sulfide ions which, in turn, react with copper ions released from the surface of copper to form blackcolored copper sulfide. When the hybrid matrix with GF20, i.e. 1A, was applied onto copper sheet, it considerably resisted corrosion up to 7 days. As G70 primary layer and hybrid matrix comprising G70, i.e. 2A, it resisted corrosion up to 30 days as tested. The fact that the discoloration started from the edge area of all coated substrates and the obtained coatings were smooth and, pinhole-and crack-free suggests that the corrosion happens due to the diffusion of NaCl under the coating layer through the uncoated part of the sample towards the middle of the coated surface. 
CONCLUSION
In this study, highly transparent hybrid coatings comprising thiol functional silane on copper sheet are obtained by sol-gel chemistry. The mechanical toughness of bare copper sheet is immensely improved by coating it with the sole hybrid matrix. As the hybrid matrix was incorporated with GF70, it withstood corrosion up to 7 days. The corrosion resistance was extended up to 30 days as tested when a primary layer of GF20 was applied onto copper sheet prior to its coating of hybrid matrix with GF20. The coating developed in this study is readily applicable for indoor and outdoor uses to prolong the life span of copper-based materials, since it has high UV-resistance and is durable both chemically and mechanically.
